Al x Si 1−x O n films exhibit a drastic change of proton conductivity across the film by reducing their thickness to less than 100 nm. The temperature and humidity dependence of conductivity of the sub-100 nm films is quite different from those of the thicker films. Furthermore, in the former thickness range, the value of conductivity markedly increases with reducing the film thickness, and its thickness dependence follows a power law with a fixed index of −2.1. This size-scaling effect can be explained by the percolation conductivity model that the probability for percolating of the conductive moiety in Al x Si 1−x O n films increases with decreasing the thickness. Proton-and oxide ion-conducting metal oxides have attracted much attention as electrolyte material for solid oxide fuel cells. In particular, nanometer-thick membranes of these oxides are promising for developing next-generation intermediate-temperature fuel cells thanks to diminished area specific resistance ͑ASR͒ enabled by reduction in electrolyte thickness.
Proton-and oxide ion-conducting metal oxides have attracted much attention as electrolyte material for solid oxide fuel cells. In particular, nanometer-thick membranes of these oxides are promising for developing next-generation intermediate-temperature fuel cells thanks to diminished area specific resistance ͑ASR͒ enabled by reduction in electrolyte thickness. [1] [2] [3] Amorphous metal oxides have intrinsic advantages for their application to thin-film electrolyte due to their nongranular covalent networks. Recently, we discovered that silica-based, nanometer-thick films gave high proton conductivity at 100-400°C under nonhumidified atmosphere due to formation of stable Brønsted acid sites when doped with some other metal ions. 4, 5 Especially, the aluminosilicate, Al x Si 1−x O n , nanofilm showed the highest proton conductivity and revealed practically usable levels of ASR at around 300°C. 5 Several other research groups reported that the ion conductivity of multilayered materials increased with decreasing layer thickness. 6, 7 These studies prompted us to study the effect of thickness for our Al x Si 1−x O n film. In fact, it is found that the proton conductivity of amorphous Al x Si 1−x O n films is exponentially enhanced by reduction of thickness into the sub-100 nm regime.
The Al x Si 1−x O n film was prepared on an indium-tin-oxide ͑ITO͒ substrate ͑Aldrich͒ by multiple spin-coating of precursor solutions of tetraethoxysilane ͑TEOS͒ ͑Kanto͒ and aluminum sec-butoxide ͓Al͑O s Bu͒ 3 ͔ ͑Kanto͒ at the Al/Si atomic ratio of 5/95. The details of the procedure were described elsewhere. 6 The metal concentration ͑Al + Si͒ in the precursor mixture sol was adjusted in 30 mM for the film of Ͻ100 nm thickness and 100 mM for the film of Ͼ100 nm thickness. A film with thickness of 100 nm was prepared from both of these sols. The precursor sols were spin-coated onto the ITO substrate at 3000 rpm for 40 s by a Mikasa 1H-D7 spin coater. The deposited gel layer was hydrolyzed by blowing hot air for 30 s ͑Iuchi hot gun͒, and the substrate was cooled to room temperature by blowing cold air for 20 s. These cycles of spin-coating, hydrolysis, and cooling were repeated 10-20 times, and the gel film thus obtained was calcined at 400°C for 15 min. The combination of deposition and calcination was repeated more than three times, and the final calcination was performed at 450°C for 1 h.
The thicknesses of the amorphous Al x Si 1−x O n films prepared in this study were 40, 50, 60, 100, 120, 160, 300, and 1400 nm. Figure  1 shows the surface and cross-sectional scanning electron microscopy ͑SEM͒ images of the 50 nm thick film as an example, indicating that a dense, uniform layer with a thickness precision of Ϯ2 nm covers the ITO surface without formation of cracks and pores. All the films exhibited similar morphological features. These films are composed commonly of homogeneously mixed glasses without phase separation, as checked by transmission electron microscopy observation. 4, 5 Al/Si atomic ratio of the film was determined by X-ray photoelectron spectroscopy ͑XPS͒. Before XPS measurement, the surface layer ͑a few tens of nanometers thick͒ of sample was sputtered by Ar + ion so as to form a clean surface and probe the inner area of the films. The Al/Si ratio in films is 10/90 with a deviation of Ϯ2 at all the thickness ranges, and the observed Al/Si ratio is invariably greater than those of the corresponding precursor sol ͑Al/Si = 9/95͒. This must be caused by greater reactivity of Al͑O s Bu͒ 3 than that of TEOS, and the unreacted fraction of TEOS ͑boiling point ca. 170°C͒ may be removed from the ultrathin deposited layer by evaporation during the hot-air blow process after spincoating.
The proton conductivity across the film ͑͒ was determined by ac impedance spectroscopy with a Solartron 1260 frequency analyzer. A Pt button electrode ͑1 mm ͒ was deposited on the film by ion sputtering to form a Pt/Al n Si 1−n O x /ITO stack. For the measurement, nonhumidified "dry" atmosphere was prepared by flowing an ultrapure air ͑N 2 /O 2 = 8/2͒ at 100 cm 3 min −1 , and humidified "wet" atmosphere was prepared by bubbling an ultrapure air ͑N 2 /O 2 = 8/2͒ at 100 cm 3 min −1 through pure H 2 O at 25°C ͑p H 2 O = 0.023 atm͒. All the films exhibit the impedance spectra characteristic of ion conducting film, that is, a small semicircle in the highfrequency region and a spike in the low-frequency region in the cole-cole plots ͑Fig. 2͒. These features are in agreement with those of the ion-conducting ceramics measured with ion-blocking electrode. 8 The obtained impedance spectra were analyzed by the nonlinear least-squares fitting with an equivalent circuit displayed in Fig. 2 .
The value of 40 nm thick Al x Si 1−x O n films in dry air is shown in Fig. 3a . The film sample was first heated to 400°C, kept for 6 h, and cooled to given temperatures of impedance measurement, then heated to the subsequent temperature of measurement. All the measurements were performed after 1 h of thermal equilibration at each temperature. The value in the first cooling process was reproduced in the second heating procedure, and the conductivity in the first cooling process was used thereafter. The conductivity of the 100 nm thick film prepared from the low-concentration sol is identical with that of the film prepared from the high-concentration sol ͑Fig. 3a͒, indicating that the film conductivity is not affected by the concentration of precursor sols. Figure 3b shows the proton conductivity of the films with thicknesses of 60 and 120 nm as measured in dry and wet air. Clearly, of the 60 nm thick film does not change between dry and wet atmospheres. In contrast, of the 120 nm thick film is clearly enhanced by humidity in the temperature region below 220°C, but it remains unchanged by humidity above 250°C. The E a value of in wet air, determined from the slope, is 0.3 eV at T Ͻ 250°C and 0.8 eV at T Ͼ 250°C. Apparently, the relatively high proton conductivity at elevated temperatures ͑T Ͼ 300°C͒ is not affected by the adsorbed water, if any, at all the thicknesses. This conductivity must be based on the migration of protons on thermally stable Brønsted acid sites, 5, 9 as further discussed below. Proton conductivity of Al x Si 1−x O n films with varied thicknesses is given in Fig. 4 . All the films show drastic increases of by 4 orders of magnitude with increasing temperatures from 100 to 400°C. The films with thicknesses of 40 and 50 nm reveal small resistance at elevated temperatures, so that their conductivity above 350°C could not be determined by our measurement setup. Surprisingly, the conductivity itself, even after correction for film thickness, is enhanced by reduction of film thickness at less than 100 nm. The temperature dependence of the conduction is rather complex, and it does not obey a simple Arrhenius-type feature in all cases. With films of more than 120 nm thickness, the conductivity linearly increases with a slope of activation energy E a of 0.5 eV below 200°C, with a break at around 200°C, and tends to increase with a slope of E a of 0.8 eV above 200°C. In films more than 120 nm thick, the conductivity is not dependent on the thickness. The conductivity with small E a below 200°C may be related to the presence of the residual ͑adsorbed͒ water even under nonhumidified air. The conductivity of sub-100 nm thick films linearly increases with a slope of 0.7 eV in the lower-temperature region, jumps at around 250-300°C, and gradually increases with a relatively small E a of ϳ0.5 eV above the onset temperature of the jumping, T c . The T c is lowered with decreasing film thickness, and the T c values for the 40, 50, and 60 nm thick film are 250, 250, and 300°C, respectively. Figure 5 shows logarithmic plots of of Al x Si 1−x O n films at 250°C against film thickness d. is almost constant when d is greater than 120 nm, but it is markedly enhanced by reducing d in the thickness range less than 120 nm. The increase in follows a power law with an index of −2.1. It reaches the order of 10 −5 S cm −1 at 40 nm, and this value is greater than that of a 120 nm thick film by almost 20-fold.
Enhanced ionic conductivity of nanostructured materials has been reported to arise from the formation of a space-charge region and is called the nanoionics effect. 10 Guo et al. reported that the multilayer films made of stacks of an epitaxial CaF 2 /BaF 2 bilayer showed increments of F − ion conductivity perpendicular to inter- The inset shows the equivalent circuit used for the nonlinear least-squares fitting analysis. R s is the resistance of leads and electrodes, R ox and Q ox are the resistance and capacitance of the film, respectively, and Q i is a capacitance at the interface between the ion-conductive film and the ion-blocking electrode. Figure 3 . ͑a͒ Conductivity of a 40 nm thick film measured in ͑᭺͒ the first cooling cycle and ͑᭝͒ the second heating cycle, and conductivity of 100 nm thick film prepared from the precursor sol of 40 mM ͑*͒ and 100 mM ͑͒. ͑b͒ Conductivity of 60 and 120 nm thick films measured in dry and wet air. The circle and triangle indicate the plots of 60 and 120 nm thick films, respectively, and white and dark mean the wet and dry atmosphere, respectively. 
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Electrochemical and Solid-State Letters, 11 ͑11͒ P13-P16 ͑2008͒ P14 faces as the thickness of the individual bilayer was reduced from 200 to 12 nm, in spite of the constant total film thickness of 400 nm. 7 Our films are prepared by the successive deposition of ultrathin layers 2-5 nm in thickness, and the different thickness of the individual layers arising from different concentrations ͑40 vs 100 mM͒ of the precursor sol does not cause a change in conductivity. Furthermore, we found that of 50 nm thick films in dry air with Au/film/ITO and Pt/film/Pt configurations was the same as that of the Pt/film/ITO configuration. This suggests that the space-charge effect at the film/electrode interfacial region, if any, is not significant in the conductivity enhancement in our thin films.
Recently, Berkemeier et al. reported the thickness-dependence of Li + -ion conductivity in 0.2 Li 2 O·0.8 B 2 O 3 glass film. 11, 12 The conductivity of the glass film was exponentially enhanced by reduction of its thickness to less than 100 nm, and this phenomenon was explained by the finite size effect in percolative conduction. 12 The diffusion process of Li + ions in Li-B-O glass is mostly carried out by the nonbridged oxygen ͑NBO͒ site. The NBO sites tend to form an assemblage, a so-called cluster, and percolate from one edge to the opposite so as to form a conduction pathway ͑ionic diffusion channel͒. 13 If the population of NBO sites is in the vicinity of the percolation threshold P c ͑24.5% for site percolation of cubic lattice 14 ͒, NBO clusters of various sizes accumulate inside the glass layer. Here, the feature length of the largest cluster is defined as . When the thickness of film d is reduced to the range of the length of the largest NBO clusters, ͑͒ pathways connecting the two electrodes are formed in glass network, and the thin film with d of smaller than reveals the increment in conductivity. In thicker films, the length of the cluster is smaller than d, and the conductive clusters become insulated in a poorly conducting matrix, resulting in the reduction of the ion conductivity to a thickness-independent value.
The thickness-dependent conductivity observed for our Al x Si 1−x O n nanofilms is analogous to that of the percolative Li + -ion conduction in thin lithium-borate glass. The finite scaling model of percolative conductivity in a system with size L is given by the following equation, when L is smaller than 14 
⌺͑L,͒ ϰ
Here, ͚ is the total conductivity of the system, is a critical index, and L corresponds to d in this study. Theoretically, the index is reported to be 2.3 for the site percolation in a three-dimensional system. 14, 15 The solid line of Fig. 5 is obtained by linear fitting for the data of less than 100 nm thickness. The slope is about 2.1 Ϯ 0.3, and this value is close to the theoretical value of . Therefore, we may assume that the enhancement of proton conductivity at d Ͻ 100 nm is caused by the finite-size scaling effect of the percolative conduction system.
The percolative conduction behavior indicates that the Al x Si 1−x O n nanofilm has a heterogeneous structure composed of conductive moiety ͑it is like an NBO site in Li + -conducting Li-P-O glass͒ and poor-conducting matrix. The former may consist of the active acid sites, although the precise structure is unclear yet. Figure  6 is the two-dimensional ͑2D͒ representation of the geometrical model for percolation conductivity in Al x Si 1−x O n . It shows the site percolation on a square lattice, where black circles randomly occupy the site of the lattice with a constant probability ͑0.35͒ less than that of theoretical P c ͑0.5͒.
14 Here, the glass network of aluminosilicate and the active acid site on network are approximated by a square lattice and black dots, respectively, and it is assumed that the proton can only migrate between the black circle on the nearest-neighbor sites; thus, the assemblage of the nearest-neighbor circles, the cluster, behaves as a protonic conduction channel. When the film thickness d is larger than 120 nm, it is longer than , so that clusters connecting both electrodes are not formed and the film remains in the low ͑normal͒ conductive phase ͑Fig. 6a͒. Scaling of conductivity of our Al x Si 1−x O n film starts at d of 100 nm, suggesting that in the film is about 100 nm in our Al x Si 1−x O n film. Hence, the active acid site is percolated between both electrodes at this thickness ͑Fig. 6b͒. In d Ͻ 100 nm ͑͒, more conductive clusters percolate with decreasing d ͑Fig. 6c͒ by following Eq. 1. The conductivity becomes the maximum when d is the same as the unit size of a conductive domain ͑corresponding to the lattice constant of the square lattice in Fig. 6c͒ .
The conduction characteristics of the Al x Si 1−x O n film appear more complex at a thickness below 100 nm. In the case of aluminosilicate films, the adsorbed water may provide additional proton carriers by association of water and oxygen vacancy
The conductivity, , of thicker films is more sensitive to the adsorbed water than that of the sub-100 nm thick film. This is curious, as protons given by Eq. 2 should diffuse from the surface into the film interior more efficiently with thinner films. On the basis of Eq. 2, the incorporation of protons in the interior of films is strongly related to the concentration and diffusion of oxygen vacancy. Therefore, this anomaly may be explained by assuming that the concentration of oxygen vacancy in the interior of thinner films is much lower than that of the thicker films, and thus additional protons do not accumulate in the thin films ͑Ͻ100 nm͒ in the wet atmosphere. The apparent jump of was observed for the sub-100 nm thick films at temperatures above 250°C, indicating the presence of an additional thermal activation process in thin films. This can be explained by the formation of the new percolative conduction cluster as a result of thermal activation of the protonic acid site. A more precise mechanism for the unique proton conductivity of Al x Si 1−x O n thin films will be reported after our additional experiments.
In summary, it is demonstrated that the proton conductivity of amorphous aluminosilicate nanofilms is much enhanced by reducing the film thickness to the sub-100 nm regime. This unique feature is explicable by the existence of the percolative proton conduction, which gives rise to the marked increase of conductivity due to the size scaling in the percolative cluster. As a result, the intrinsic conductivity, , for the 40 nm thick film ͑1 ϫ 10 −5 ⍀ cm 2 ͒ is larger than that of the corresponding thick ͑120 nm͒ film ͑on the order of 10 −7 ⍀ cm 2 ͒ by 20-fold at 250°C. Thus, the ASR value, which is an important element in determining fuel cell efficiency, is enhanced by reduction of film thickness as well as by the accompanying formation of percolative conduction cluster, in the sub-100 nm region. This conclusion may apply to inorganic thin films other than aluminosilicate. The current finding should be extremely useful for the development of high-efficiency proton conductors.
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